We have examined the effects of heat shock on glucocorticoid receptor (GR)-mediated gene transcription in an L929 cell line derivative (LMCATP) stably transfected with the mouse mammary tumor virus-chloramphenicol acetyltransferase (MMTV-CAT) reporter plasmid. Exposure of the LMCATP cells to heat or chemical shock resulted in a large increase in dexamethasone (Dex)-induced expression of CAT enzyme activity. This potentiation of hormone-induced MMTV-CAT expression was dependent on the magnitude of the stress event and on the Dex concentration, with maximal increases observed for 1 WM Dex after 2 h at 43 C or 2 h at 200 PM sodium arsenite.
Heat shock potentiation of MMTV-CAT expression was not seen in an L929 cell derivative devoid of GR or in LMCATS cells treated with RU488 antagonist, suggesting that this effect of stress on CAT gene expression was mediated by the GR. Using a quantitative Western blot procedure, the amount of GR protein in the nucleus of cells subjected to combined heat shock and Dex treatment was no greater than the amount of nuclear GR in cells treated with hormone alone, indicating that the stress potentiation effect was not the result of increased nuclear translocation or retention by the GR. In addition, equally strong potentiations of MMTV-CAT expression were observed for cells subjected to heat shock either before or after Dexmediated translocation of the GR to the nucleus. Thus, the major effect of stress on GR transcription enhancement activity appears to occur after the GR is bound to its high affinity nuclear acceptor sites. We have used a series of MMTV-CAT reporter constructs containing varying portions of the long terminal repeat regulatory region to show that a putative heat shock transcription factor-binding sequence at position -437 of the long terminal repeat is not required for this effect of heat shock on MMTV-0888-8809/94/0408-0421$03.00/0 Molecular Endocrinology Copyright Q 1994 by The Endocrine Socety CAT expression.
A stress-induced increase in hormone-mediated CAT gene expression was observed for a minimal CAT reporter controlled by two synthetic glucocorticoid response elements and a TATA box sequence.
Thus, it is unlikely that any DNAbinding transcription factor, other than GR, is required for this effect of stress on transcription by the hormone-bound GR. Based on these results, a model of heat shock enhancement of GR-mediated gene expression is developed in which stress acts on the DNA-bound GR, on a putative heat shockactivated adaptor, or on components of the RNApolymerase-II complex. (Molecular Endocrinology 8: 408-421,1994) 
INTRODUCTION
The glucocorticoid hormone receptor (GR) is a member of steroid/thyroid receptor family and as such serves to control differential gene expression by acting as an enhancer of specific gene transcription (1, 2) . Although many of the details of GR activation are not known, it is generally accepted that the primary event in this signal pathway is the binding of a glucocorticoid agonist to the GR. This event is rapidly followed by a series of steps that include 1) dissociation of the cytoplasmically localized heteromeric receptor complex, 2) translocation of the hormone-bound receptor to the nucleus, 3) high affinity binding of the GR to glucocorticoid response elements (GREs) present in the regulatory regions of target genes, and 4) the interaction of GREbound receptors with elements of the transcription machinery, resulting in initiation of transcription.
Among these steps, the best understood may be the hormone-mediated dissociation of the untransformed steroid-receptor complex (3). Analysis of this complex in both intact cells and cell lysates has revealed the presence of a variety of cellular heat shock proteins (hsps). One of these, the 90-kilodalton (kDa) hsp 408 (hsp90), is not only a component of the GR complex (4-6) it is also found in untransformed progesterone-, estrogen-, and androgen-receptor complexes (7, 8) . In addition to hsp90, two other heat shock proteins, hsp70 and hsp56, have been shown to be components of steroid-receptor complexes. In the case of hsp70, there is evidence that both the untransformed and transformed progesterone receptors (PR) contain this hsp (9, 10); under certain circumstances, hsp70 is also found associated with the GR (11). Hsp56 is a newly described low abundance 56-to 59-kDa heat shock protein (12) that was originally discovered as a component of untransformed steroid receptors by Tai and co-workers (13). Although very little is known about the functions of hsp56 in the heat shock response or steroid receptor action, it is interesting to note that this protein is also a member of the immunophilin class of proteins and is capable of binding the immunosuppressive macrolides FK506 and rapamycin (14) (15) (16) . In support of these observations is the recent report that treatment of intact cells with FK506 and rapamycin results in the potentiation of GR-mediated gene expression (17). Taken together, these findings point to steroid receptors as a potential locus for the convergence of at least three previously distinct signal pathways: steroid hormones, immunophilins, and the heat shock response. The cellular heat shock response is a process of adaptation to environmental stress in which a variety of stress-induced proteins play integral roles (18, 19) . Although the heat shock response occurs after thermal injury, a variety of agents, such as amino acid analogs and metabolic poisons, are also known to increase the expression of hsps. Almost all of these agents will result in the accumulation of abnormally folded proteins (20) and the presence of misfolded proteins may be the initial trigger for the induction of hsps (21). Consistent with this model is the fact that many of the best-studied hsps function to insure proper polypeptide folding, often in the assembly or disassembly of protein complexes (22, 23) . The association of steroid receptors with several hsps has led to the speculation that one possible role of steroid receptor-associated hsps may be to insure the proper conformation and consequent activity of untransformed steroid receptors. Several lines of in vitro evidence have been reported to support this idea. First, in vitro translations of the glucocorticoid (24) and estrogen (25) receptors were found to result in the association of hsp90 with these receptors during the terminal stages of translation.
Second, hormone-mediated dissociation of hsp90 from the GR is irreversible in cytosol preparations, and this dissociation can result in some GR molecules that become nonfunctional with respect to DNA binding due to misfolding (26). Third, successful reconstitutions of the progesterone (27) and glucocorticoid (28) receptors with both hsp90 and hsp70 have been achieved using a rabbit reticulocyte lysate system. In each case, reconstitution of the receptor-hsp complex requires receptor that is hormone free, and in the case of the GR, reconstitution results in a simultaneous loss of receptor DNA-binding function and recovery of steroid-binding activity (28). Although the above studies provide fairly comprehensive in vitro evidence for the nature of the receptor-hsp interaction, they do so only under nonstress conditions. On the other hand, in vivo studies on the effects of cellular stress on steroid receptor action are limited. These studies include a report demonstrating the effects of homogenization temperature on compartmentalization of estrogen receptors (29). Although the latter study was not designed to examine the interaction of the cellular heat shock response on steroid function, it did provide evidence that even a short exposure of rat uterine cells to 40 C can result in a large shift of hormone-free estrogen receptors from the cytosolic to the nuclear pellet fraction. In contrast, a later study has reported that heat shock treatment of a variety of mammalian cell lines results in a loss of GR steroidbinding capacity, presumably due to stress-induced degradation of the GR (30). Results from our laboratory have shown that heat shock treatment of intact L929 cells can cause a loss of hormone-binding capacity, but that the majority of the GR in these cells is not degraded (31). Instead, we observed that both heat and chemical shock treatment of L929 cells will cause unliganded GRs to become tightly bound within the nucleus, suggesting the possibility that cellular stress could play a role in controlling GR-mediated gene expression (31). In support of this speculation is a report by Edwards and co-workers (32) in which the researchers demonstrate enhancement of hormone-dependent PR-mediated transcription activity in cells subjected to heat or chemical shock. Their study employed human T47D breast cancer cells stably transfected with a mouse mammary tumor virus-chloramphenicol acetyltransferase (MMTV-CAT) reporter plasmid. As the 5'-regulatory region of this reporter construct is large (-1200 basepairs) and contains putative binding sites for a variety of transcription factors, including a consensus binding site for the heat shock transcription factor (HSF), it was speculated that one possible explanation for the observed enhancement by heat shock on PR-mediated transcription was due to cooperativity between hormone-bound PR and HSF (32). In the present study, we have directly addressed this question and others by measuring the effects of heat and chemical shock on GR-mediated gene expression using CAT reporter constructs controlled by a variety of 5'-regulatory regions. The various promoters of CAT gene expression used include a series of truncation mutants of the MMTV-long terminal repeat (LTR) region as well as a series of synthetic minimal promoters containing GREs linked to the TATA box. Our results indicate that CAT gene expression is markedly increased when cells are sequentially exposed to heat or chemical stress and glucocorticoid hormone [dexamethasone (Dex) ]. This potentiation effect on GR-mediated gene expression is dependent on both the magnitude of the stress event and the Dex concentration. However, the potentiation effect is not dependent on MOL ENDO. 1994 410 Vol8 No. 4 the presence of heat shock elements (HSEs) or other transcription factor recognition sequences, as this effect is still observed for the GRE/TATA minimal promoter. For this reason and others, we discuss the possibilities that this effect of cellular stress on GRmediated gene expression is the result of an intrinsic modification of the GR or of a more efficacious interaction between the GR and components of the transcription initiation complex.
RESULTS

Heat and Chemical Shock Potentiate
Dex-Induced MMTV-CAT Expression
To test the effect of cellular stress on GR-mediated gene transcription, we stably transfected mouse L929 cells with the pMMTV-CAT reporter plasmid. This plasmid contains the CAT gene linked to the MMTV-LTR sequence containing several GREs. After transfection, a cloned cell line (LMCAT2) was established by selection with G418 (Geneticin) antibiotic. In the experiments shown in Fig. 1 , LMCAT2 cells were first subjected to cellular stress, followed by the addition of 1 PM Dex or vehicle, and the cells were then cultured for an additional 24 h. From the results obtained, it is clear that both heat and chemical shock (sodium arsenite) will cause a large increase in Dex-induced CAT gene expression in a manner that is dependent on the magnitude of the stress event. This stress-mediated potentiation of GR transcription enhancement activity was maximal after a 2-h treatment at 43 C or a 2-h treatment with 200 FM arsenite. Using these maximal Stress conditions, a Dex concentration dependency experiment was then performed. As shown in Fig. 2 , the addition of Dex resulted a concentration-dependent increase in MMTV CAT expression for the control, heat-shocked, and chemically shocked cells. However, both heat and chemical shock resulted in levels of CAT gene expression that were considerably higher than those in nonstressed cells under saturating concentrations of Dex (1 o-6 M).
From the data shown in Figs. 1 and 2, it can be seen that chemical shock consistently resulted in a greater potentiation effect than heat shock. This observation is similar to that reported by Edwards et a/. (32) in which arsenite treatment of T47D cells resulted in a potentiation of PR-mediated CAT gene expression that was approximately 4 times greater than that observed in response to heat shock. Although it is not clear why chemical shock should result in a larger potentiation effect than heat shock, it is clear that chemical shock employing sodium arsenite will result in a cellular heat shock response (induction of hsps) qualitatively similar to that seen after thermal stress (33).
The results shown in Fig. 1 tion of the hormone-free GR in mouse L929 cells (31). Moreover, we subsequently demonstrated a stress effect on MMTV-CAT expression under hormone-free conditions in Chinese hamster ovary cells (WCL2), which stably overexpress the mouse GR (34). In the latter report, the level of Dex-independent stress-induced GR-mediated CAT gene expression was a small (2.3%) but reproducible, fraction of the very high CAT activity seen in Dex-treated WCL2 cells. Thus, we concluded that heat shock could result in a partial activation of the unliganded GR. For the cell lines used in the present study, observation of a hormone-independent stress potentiation effect has been variable. In the experiments shown in Fig. 1 , no hormone-independent increase in CAT was observed, but in the experiments in Fig. 38 , a small increase (2.4-fold) in CAT was measured in response to heat shock alone. One possible explanation for this inconsistency is that a similarly small fraction of hormone-free activation can occur in the LMCAT2 cells, but that this increase happens to fall near the limits of detection for the particular CAT assay we have employed. For this reason, the use 
Stress Potentiation of MMTV-CAT Expression Is GR Mediated
To address the possibility that the observed increases in CAT gene expression in stressed LMCAT2 cells is the result of some nonspecific increase in generalized gene transcription, we measured the effects of stress on L929 cells stably transfected with the constitutive pSV2CAT reporter. In these cells, CAT gene expression was found to be unchanged after either heat or chemical shock treatment and varying times of recovery (data not shown). However, as the pSV2CAT construct typically results in high level expression of CAT, the possibility still remained that a small stress-induced increase in SV2-controlled CAT expression would not be detected. Accordingly, we have addressed this question more directly by measuring the effects of stress on MMTV-CAT expression either in the absence of GR or in the presence of GR bound with the glucocorticoid antagonist RU486. In the experiment shown in Fig. 3A , a subclone of L929 cells (E82.A3 cells) that does not contain GR protein (36) was stably transfected with the MMTV-CAT reporter. The resultant cell line, LGR-CAT, showed no increases in CAT gene expression in response to Dex, heat shock, or combined Dex and heat shock treatments. This lack of response could not be attributed to a faulty or nonexistent MMTV-CAT reporter because transient transfection of the LGRCAT cells with the pSV2wrec plasmid, which constitutively expresses the wild-type mouse GR, resulted in a Dexinduced increase in CAT expression (Fig. 3A) . In the experiment shown in Fig. 36 , LMCAT2 cells were subjected to various treatments with glucocorticoid agonists (Dex), antagonists (RU486), and heat shock. As expected, RU486 by itself had no effect on CAT gene The results depicted (except for the GR-deficient condition of A) represent the mean + SEM of three independent experiments. Conditions in A: B, no treatment; D, 1 PM Dex; HS, heat shock (43 C, 2 h) alone; DHS, 1 PM Dex followed by heat shock; HSD, heat shock followed by Dex; GR+D, LGR-CAT cells transiently transfected with a GRexpressing plasmid (pSV2wrec) and subjected to 1 FM Dex; and GR-D, LGR-CAT cells transiently transfected with pSV2wrec and not treated with Dex. Conditions in B: B, no treatment; D, 1 bc~ Dex; R, 1 PM RU486 alone; D+R, 1 PM Dex plus 1 PM RU486; HS. heat shock (43 C, 2 h) alone; 0.1 R/ HS, 1 .OR/HS and lOR/HS, 0.1, 1 .O, and 10 PM RU486, respectively, followed by heat shock. expression and acted as a competitive inhibitor of Dexinduced CAT expression.
More importantly, no heat shock potentiation effect was observed for RU486 concentrations ranging from 0.1-10 FM. Taken together, the results shown in Fig. 3 provide evidence that heat shock potentiation of MMTV-CAT expression in the LMCAT2 cells is a GR-mediated process and not the result of a generalized effect of stress on MMTV-CAT gene expression.
Stress Potentiation
Is not the Result of Increased Nuclear Retention of the GR and Occurs Subsequent to Hormone-Mediated GR Transformation
In an earlier report, we had shown that heat shock treatment of L929 cells in the absence of Dex results Vol8 No. 4 in nuclear translocation of the GR (31). Under these conditions, about 95% of the GR was recovered in the nuclear pellet after a 2-h heat shock treatment at 43 C, whereas about 64% of the GR was nuclear after chemical shock treatment with 200 PM sodium arsenite. Given these results, we reasoned that the effects of cellular stress on GR-mediated gene expression reported here could be the result of an increased retention of GR within the nuclear compartment after combined exposure to stress and hormone. Accordingly, we performed the experiment shown in Fig. 4 , in which the amounts of GR protein in the cytosolic and nuclear fractions were measured using a quantitative Western blotting procedure previously described (37). In this experiment, the subcellular distributions of GR were determined immediately after a short 2-h exposure to hormone and after 24 h of recovery following combined heat shock and hormone treatment. From the results obtained, it is clear that the amount of GR retained within the nuclear compartment after combined heat A, Autoradiogram from the Western blot. The bands just below the 97-kDa marker are proteolytic fragments of the intact GR, which migrates as a 1 00-kDa band. Both the intact GR and the fragments were subjected to quantitation. B, Quantitation of GR after excision of peroxidase-labeled GR bands and liquid scintillation spectroscopy.
shock and Dex exposure is no greater than the amount of GR recovered in the nuclear pellet after a 24-h exposure to Dex alone. In fact, results from this and replicate experiments suggest that 24-h nuclear GR levels are actually reduced in cells subjected to both heat shock and Dex compared to those in the Dex only controls. As the latter conditions are identical to the conditions under which heat shock potentiation of GRmediated MMTV-CAT expression was observed (Figs. 1,2,8, and 9), we have concluded that this potentiation phenomenon cannot be the result of an increase in GR retention within the nuclear compartment.
Indeed, the data argue that enhancement of GR-mediated transcription activity by cellular stress occurs in spite of a reduction in the amount of nuclear GR.
Although the results shown in Fig. 4 eliminated increased nuclear retention as an explanation for heat shock potentiation, the possibility still remained that heat shock could be affecting the process by which GR is transformed to the nuclear-bound, transcriptionally active state (transformation), perhaps resulting in GR with altered conformation or covalent modifications. To address this issue, we reasoned that if heat shock potentiation of GR-mediated gene expression occurred at the level of GR transformation, then subjecting GR to normal hormone-mediated transformation before heat shock treatment should eliminate the heat shock potentiation effect. (Up to this point, all of the data on GR-mediated MMTV-CAT expression have been for cells subjected to stress before the addition of hormone.) With this in mind, we first treated LMCAT2 cells with 1 PM Dex for 2 h, a condition that results in nearcomplete translocation of the GR to the nucleus (see Fig. 4 ), before exposure of these cells to heat shock (43 C, 2 h). After recovery at 37 C for 24 h, CAT activities were measured, and the results are shown in However, Dex treatment followed by heat shock also yielded a similar level of potentiation.
We performed similar experiments using sodium arsenite and found that chemical shock potentiation can also occur after incubation with Dex (data not shown). Thus, by these criteria, the heat shock potentiation effect appears to be acting at a stage subsequent to GR transformation.
For this conclusion to be valid, however, we had to first address an apparent contradiction.
This contradiction was that heat shock alone, as already stated, could result in translocation to the nucleus of the hormone-free GR, and that this nuclear-localized GR was not capable of binding hormone (31). How, then, could the addition of hormone after heat shock result in an increase in GR-mediated MMTV-CAT expression? We have attempted to resolve this question by assaying for GR protein and steroidbinding capacity in L929 cells recovering from heat shock in the absence of hormone (Fig. 6) . The results of these experiments show that both cytosolic GR protein and glucocorticoid-binding capacity return to approximately 70% of the initial values within 8 h. Moreover, as much as 30% of the GR protein and 20% of the steroid-binding capacity are recovered within 2 h. Although these data do not discriminate between de nova synthesis of GR and recycling of GR from the nucleus, they do provide evidence that GR capable of binding hormone can return to near-normal levels during the 24-h incubation period we have used before measurement of CAT activities. This reappearance of hormone-binding GR may explain the potentiation effects observed on CAT gene expression in cells exposed to Dex after heat shock (Figs. 1, 2, and 5) .
In the experiments shown in Fig. 7 , we further explored this possibility by measuring the rate of onset of CAT gene expression in LMCAT2 cells exposed to Dex after stress treatment. In this experiment, relative CAT activities were expressed as a percentage of maximum values to allow comparison of the rates of onset between a condition with relatively low absolute levels of induction (Dex alone) and conditions with much higher levels of induction. In cells exposed to Dex, but not stressed, the rate of onset of CAT expression was relatively fast, as about 20% of the maximal CAT activity was observed after 4 h and about 50% was observed after 8 h. In contrast, both heat and chemical shock resulted in a delayed pattern of CAT expression. In cells recovering from chemical shock, Dex-mediated induction of CAT was only 2% of maximum at 4 h and 14% at 8 h. In cells recovering from heat shock, Dexinduced CAT remained at basal levels after 8 h and did not significantly increase until 24 h. One interpretation of these results is that delayed onset of CAT expression in stressed cells is the result of a generalized stressinduced reduction in protein synthesis. Indeed, stressinduced decreases in mRNA transcription, processing, and translation have been widely reported. However, few reports exist demonstrating levels of protein syn- thesis in cells recovering from stress events. In one such report, rat embryo fibroblast cells were subjected to either heat shock at 42.5 C or chemical shock using sodium arsenite, and the levels of overall protein synthesis were examined during recovery (33). It was found that protein synthesis had returned to normal within 7-8 h of recovery after heat shock and within 4-5 h of recovery after chemical shock. As these time frames for recovery of protein synthesis in the REF-52 cells correspond to time points when maximal CAT activity has not yet been achieved in stressed LMCAT2 cells (Fig. 7) we speculate that reduced levels of protein synthesis in response to stress cannot wholly account for the delay. However, we cannot rule out the possibility that these two cell lines (REF-52 and L929) differ markedly in their rates of recovery of protein synthesis after stress, or that the rate of recovery for any specific protein (e.g. GR) can vary markedly from the overall cellular rate of recovery. An alternative interpretation of these results is that reappearance of cytosolic GR is required (in cells subjected to stress before hormone treatment) before that GR can bind hormone and take part in stress-induced potentiation of CAT gene expression. Under this scenario, normal hormone-mediated transformation of the GR presumably occurs (once it reappears in the cytoplasm), and it is the interaction of the hormone-bound GR with heat shock-altered nuclear acceptor sites or transcription machinery that results in stress-induced potentiation of GR-mediated transcription enhancement.
Potentiation of GR-Mediated Gene Expression Requires Only GRE Minimal Promoters
In a recent report, Edwards et al. (32) demonstrated that heat shock could enhance PR-mediated target gene transcription. This observation was made in T47D cells stably transfected with an MMTV-CAT reporter plasmid. As the construct employed by the authors was shown to contain a consensus HSF-binding site (HSE) within the MMTV LTR, it was proposed that one possible explanation for the heat shock potentiation effect was through an interaction between factors (HSF?) binding this site and hormone-bound PR. A search of the LTR promoter region has revealed the presence of a HSE, which must be arrayed in an inverted repeat pattern of head to head (nGAAnnTTCn) or tail to tail (nTTCnnGAAn) configurations to stably bind HSF (73) at a position 437 basepairs up-stream of the transcription start site. To determine the role of this putative HSE in heat shock potentiation of GR-mediated transcription enhancement, we stably transfected L929 cells with a series of MMTV-CAT reporter constructs in which varying portions of the LTR region were deleted. These constructs include the pMMTV-CAT reporter containing the intact LTR promoter region; the pAMTV-CAT reporter, in which three of the four GREs were deleted; the ~631 -CAT reporter, in which all sequences up-stream of position -631 were deleted; and the p236-CAT reporter, in which all sequences up-stream of position 236 were deleted. Cell lines containing these constructs were then subjected to chemical shock in the presence or absence of Dex (Fig. 8) . From the results obtained, it is clear that a large chemical shock potentiation effect can be achieved with all of these reporters except the pAMTV-CAT.
Thus, the large potentiation effects observed require not only combined chemical shock and Dex treatment, but also functional GRE sites. More importantly, the results obtained demonstrate that the putative HSE site at -437 is not involved in stress potentiation of GR action, and that no DNA sequence up-stream of -236 is involved.
Having obtained the results shown in Fig. 8 , the possrbrlrty still remained that the stress potentiation effect was the result of cooperativity between the hormone-bound GR and a putative heat shock-activated, DNA-binding factor. According to this model, then, one or more cognate recognition sequences for these heat shock-activated factors must exist on the MMTV-LTR between -236 and the transcription start site. However, it seemed just as likely that the heat shock potentiation effect was not the result of cooperativity between an unknown DNA-binding factor(s) and the GR, but, rather, was due to a mechanism requiring GR as the only transcriptional enhancer. With this in mind, we performed the experiments shown in Fig. 9 , in which cells stably transfected with a variety of minimal CAT reporters were subjected to chemical shock potentiation conditions. The minimal promoters employed included the pGRE*NFl El B-CAT construct, in which two tandem synthetic GREs were linked to an nuclear factor-l-binding sequence (NFl) site and a TATA box immediately up-stream of a CAT reporter gene; the pNF1 El B-CAT construct, which contained the NFl and TATA sequences up-stream of CAT; the pGRE2ElB CAT construct, containing the GRE sites and TATA upstream of CAT; and the pE1 B-CAT construct, in which CAT expression is controlled only by the TATA sequence. The results shown in Fig. 9 demonstrate that potentiation of GR-mediated CAT expression only occurs with the minimal promoters containing GRE sites: pGRE2NFl El B-CAT and pGRE2El B-CAT. Thus, GRE sites are both necessary and sufficient for stress-mediated enhancement of GR transcription activity.
DISCUSSION
Until recently, differential gene expression by steroid hormone receptors was viewed as an independent signal transduction pathway principally controlled by steroidal agonists. Evidence is now accumulating that steroid receptor action may also be controlled by effector molecules of previously unrelated signal pathways. (40) and GRs (41) . In support of these findings and of the involvement of phosphorylation mechanisms are the observations that an inhibitor of PKA (H8) can block hormone-mediated activation of PR (38, 39) ; that okadaic acid, a protein phosphatase inhibitor, can also potentiate hormonemediated activation of progesterone (38, 39) and glucocorticoid (42) receptors; and that PKA itself can potentiate GR transcription enhancement (41). The results of this study provide evidence that heat shock treatment of intact cells can dramatically increase the ability of the hormone-bound GR to act as an enhancer of specific gene transcription.
The observations supporting this conclusion were made by stably Vol8 No. 4 transfecting the GR-expressing L929 cell line with the pMMTV-CAT reporter construct and assessing the effect of cellular stress on Dex-induced CAT gene expression. Using this approach,
we have developed the model of heat shock effects on GR action presented in Fig. 10 . According to this model, heat or chemical shock will increase GR-mediated gene expression at both low and saturating concentrations of hormone, resulting in a significant increase in the degree of transcriptional enhancement activity. In light of the data presented in this work, there are several possible mechanisms, not mutually exclusive, to account for this effect of stress on GR transcription activity. As depicted in Fig. 10 of Dex results in full steroid occupancy of the GR followed by dissociation of the GR complex, nuclear translocation, and binding by the hormone-bound GR to .5'-regulatory regions of target genes. Enhancement of target gene transcription by the GR then occurs by a poorly understood process that involves either a direct or indirect interaction between the hormone-bound GR and the RNA-polymerase-II complex (Pol). In cells subjected to stress after the addition of Dex (B), the efficiency of communication between the hormone-bound GR and Pol is altered, resulting in a higher level of transcription activity than that seen under hormone-alone conditions. It is postulated that this stress-induced increase in GR-mediated transcription enhancement is the result of changes in the DNAbound GR, changes in components of the Pol complex, or activation of a putative HSA that serves a coactivation function.
activation may be the result of a covalent modification on the receptor, such as phosphorylation.
As stated above, there is evidence from several laboratories that phosphorylation mechanisms may be involved in steroid receptor actions. For example, it has been shown that PR and GR transcription enhancement activities can be modulated by PKA itself (41), by activators of PKA (38, 39) or by inhibitors of protein phosphatases (42). Yet, direct studies on the effects of these treatments on steroid receptor phosphorylation have been few and largely negative. Moyer et al. (43) were not able to detect changes in GR phosphorylation under conditions where GR-mediated transactivation was potentiated by activators of PKA, protein kinasec, and protein phosphatase inhibitors. Similarly, Mason and Housley (44) used site-directed mutagenesis techniques to show that phosphorylation sites in the mouse GR are not required for hormone-mediated activation of GR transactivation at the MMTV-LTR promoter. Although we have not examined stress-induced changes in GR phosphorylation in this work, we have provided evidence that any modification that occurs must take place after the GR is transformed to its high affinity, nuclear-bound state. The major observation in support of this conclusion is that the heat shock potentiation effect is observed even after hormone-mediated transformation and translocation of the GR has occurred (see Fig. 5) .
A second possible mechanism to account for the heat shock potentiation is that the hormone-bound GR in heat-shocked cells is interacting in a cooperative manner with a putative, HSF(s), a speculation that has also been advanced by Edwards et a/. (32) . Initially, we considered the HSF, which is responsible for the transcription of heat shock protein genes during stress (39) as the most likely candidate for this factor. This speculation was particularly appealing because an examination of the MMTV LTR DNA sequence (GenBank) revealed the presence of a consensus HSE at -437 and a total of 14 possible HSEs when mismatch is allowed to occur at one base; with four of these nearperfect HSEs clustered between -265 and -132. However, the results we have reported here do not support a role for HSF or HSEs in heat shock potentiation, as cellular stress alone had no effect on MMTV-CAT expression (Fig. l) , and deletion of the HSE at -437 did not eliminate the potentiation effect (Fig. 8) . The results shown in Fig. 8 did leave open the possibility that DNA-binding transcription factors other than HSF could be involved in heat shock potentiation. This idea seemed plausible, because DNA-binding sites for a variety of factors (e.g. NFl) had been shown to cause dramatic increases in the rates of GR-mediated CAT gene transcription (45). In addition, Oshima and Simons (46) reported the presence of a 21-basepair glucocorticoid modulatory element in the regulatory region of the tyrosine aminotransferase (TAT) gene that increases agonist-mediated expression of TAT. Yet, our observations with minimal promoters containing GRE sites and a TATA box (Fig. 9 ) suggest that, with the possible exception of the TATA sequence, the heat stress effect is not the result of an interaction between GRE sites and other &-acting elements. Stress potentiation of GR-mediated transcription could also result from cooperative binding by GR to tandem GRE sites. As previously reported (47) this would involve the binding of GR dimer to the first GRE site, which would then facilitate binding by another GR dimer to the second GRE site. Although stress potentiation of GR transcription enhancement was observed with the pGRE2E1 B-CAT reporter, which contains two tandemly linked GREs, the observed stress potentiation occurred at high concentrations of Dex (1 PM). At this concentration, all of the steroid-binding sites on the GR should be occupied, and consequently, all GRE sites would be bound with GR. Consistent with this is our observation that 1 PM Dex results in near-complete translocation of the GR to the nucleus (see Fig. 4 ). Thus, our data suggest that heat shock potentiation does not result from cooperative binding by GR dimers to multiple GRE sites.
An alternative mechanism to explain stress-mediated potentiation of GR transcription enhancement is that this process is facilitated by molecules that interact with the DNA-bound GR and the transcription initiation complex. A mechanism such as this has been proposed by several laboratories to explain synergistic activation of transcription in a variety of procaryotic and eucaryotic systems (48) (49) (50) (51) (52) and the effector molecules involved have been referred to as adaptors (48, 51) or coactivators (52). Recently, evidence for the adaptor model of synergistic transcription enhancement has been reported for steroid receptors. For example, Bastian and Nordeen (53) provided indirect evidence that stimulation of GR-mediated CAT gene expression by Dex is limited by a constitutively present coactivator, and that unmasking of latent RU486 agonist activity by activators of PKA is mediated by a PKA-inducible coactivator (54). A related proposal has been put forward by Cho and Katzenellenbogen (55) to explain synergistic enhancement of estrogen receptor-mediated transcription by activators of PKA. In this case, PKA activators serve to stabilize or facilitate interaction between the estrogen receptor and components of the polymerase-II transcription complex. In large part, these conclusions by the laboratories of Nordeen and Katzenellenbogen have been based on results using minimal promoters containing the appropriate hormone response elements. In this paper, we show that heat shock potentiation of GR-mediated gene expression can also be observed with minimal promoters containing synthetic GRE sequences. For this reason, we have incorporated some of these ideas into the model shown in Fig. 10 . In addition to possible intrinsic changes in the GR itself, we propose that the effect of cellular stress on GRmediated transcription activity may be due to the presence of a heat shock-activated adaptor (HSA) or to some change in a preexisting component of the polymerase-11 transcription initiation complex. With regard to the latter, one possible target may be the TATA-binding protein of the basal transcription factor TFIID (56). In the case of heat shock adaptors, it should be emphasized that the putative HSA may not be different from the adaptor(s) proposed to be activated by the PKA pathway. Indeed, one of the major attractions of the adaptor/coactivator model is that a common factor could be the mechanism by which diverse signal pathways cause synergistic enhancement of transcription from target genes (57).
We have also considered the roles that hsps could play in controlling the transactivation by GR in heatshocked cells. It has been well documented that hsp90 is required for establishing and maintaining the high affinity hormone-binding state of the GR and other steroid receptors, and that hsp70 is involved in the assembly of steroid receptor/hsp90 complexes (3). Yet a third steroid receptor-associated hsp has been described, hsp56, whose receptor-related function remains unknown (12). These hsps have been shown to comprise the core of a hsp complex found in the cytosolic fraction of cells (58, 59). In heat-shocked cells, the hsp90-hsp70-hsp56 complex remains stable and changes only to the extent that both the inducible and constitutive forms of hsp70 are now present (12). This observation has led us to speculate that the appearance of the inducible form of hsp70, in either the hsp core complex or the GR complex, may be related to the stress-induced increase in GR transcription activity we report here. A similar speculation was made by Edwards et al. (32) when it was found that chemical shock (sodium arsenite) resulted in both a higher level of hsp70 synthesis and a higher level of PR transcription enhancement than did heat shock, suggesting a correlation between the relative fold stimulation of hsp synthesis and the stress potentiation effect. However, the exact nature of this correlation between levels of hsp induction and GR transactivation function remains far from resolved. One possible explanation is derived from the facts that hsps appear to function in the cellular adaptation to stress by binding to misfolded proteins (20, 21) and that hsp90 may be essential for maintaining the cytoplasmically localized, hormone-binding state of the GR (3). Given these observations, it is possible that hsp90 is recruited off the GR in the heat-shocked cell due to the sudden appearance of large numbers of substrates, and that this then leads to loss of GR steroid-binding capacity and premature binding to DNA. Although this mechanism provides a logical explanation for our observation that cellular stress causes the unliganded GR to translocate to the nucleus (31) it does not supply a satisfactory explanation for the effects of stress on Dex-induced GR transcription enhancement, because as we have shown, the stress potentiation effect requires the presence of GR capable of binding hormone. A more plausible mechanism may be derived from the fact that both hsp90 and hsp70 are known to accumulate in the nucleus of heat-shocked cells (60, 61). Thus, under heat shock conditions, increased amounts of nuclear hsp90 and hsp70 may serve a stabilizing or stimulatory role on GR-mediated transcription activity. Although no evidence exists at present for MOL ENDO. 1994 Vol8 No. 4 418 an effect by hsp90 or hsp70 on transcription factor functions, evidence does exist that hsp70 remains complexed to glucocorticoid (11) and progesterone (9, 10) receptors even after these receptors are hormonally transformed to the DNA-binding state, prompting speculation that hsp70 may be involved in the nuclear functions of steroid receptors (3, 11) . With this in mind, it will be interesting to determine if hsp70 or another hsp serves the function of the putative HSA adaptor proposed in our model (Fig. 10) .
The results presented in this work provide evidence that the steroid hormone and heat shock signal transduction pathways may converge to control GR-mediated expression of the MMTV-CAT reporter gene. One interesting possibility that arises from this observation is that GR-mediated gene expression may be required for cellular adaptation to stress. This idea seems plausible for a variety of reasons. For example, it is clear that hsps, among their varied functions, provide protection to the cell after a stress event. In addition, it has been know for many years that conditions of organismal stress, such as trauma, infection, and fever, lead to a rapid increase in glucocorticoid secretion by the adrenal cortex (see Ref. 62 for review) . This observation has led to a model in which glucocorticoids can provide an organism with increased resistance to stress (62). The results presented herein may provide a molecular explanation for this phenomenon, in that certain GR-induced gene products may be required for cell and organ survival after a stress event. With this in mind, it will interesting to determine whether heat shock activation and potentiation of GR-mediated transcription also occur for endogenous genes known to be positively regulated by glucocorticoid hormones.
MATERIALS AND METHODS
Materials
The Heat shock treatment was achieved by shifting replicate flasks to a second 5% CO* incubator set at 43 C. The typical duration of heat shock treatment was 2 h. Cells were also stressed by the addition of sodium arsenite to the medium at the indicated final concentrations (usually 200 PM). Both the arsenite-treated and nontreated cells were incubated at 37 C for 2 h and then washed with DMEM medium and allowed to recover.
Stably Transfected CAT Reporter Cell Lines
Establishment of the LMCAT cell line was achieved by cotransfecting one flask (75 cm', of L929 cells at approximately 50% confluence with 10 gg pMMTV-CAT DNA and 5 qg pSV2neo DNA, using 100 gg lipofectin reagent (69) as carrier. After an overnight incubation with DNA and lipid, the transfer&d cells were allowed to grow for 48 h. The cells were then subcultured (1:2) in DMEM medium containing 0.4 rng/ml active G418 (Geneticin) antibiotic and incubated at 37 C, with frequent replacement of the selection medium, until colony growth was noted. The pooled cell culture thus derived was designated LMCAT.
Cloned cell lines were isolated, with 70% of these demonstrating strong Dex induction of CAT gene expression. One of these, LMCAT2.
was selected for the studies reported here, although similar results have been obtained with a sister clone (LMCATl) and the pooled parental cell line (LMCAT). Establishment of the other CAT reporter cell lines used in this study was achieved by cotransfecting 10 pg of the appropriate CAT plasmid DNA with 5 pg pSV2neo DNA. All subsequent steps, including isolation of clonal derivatives, were performed as described above.
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